Multidrug resistance has for many years attracted attention of numerous investigators. Attempts have also been made to increase efficiency of anti-neoplastic therapy. For this reason, most of efforts have been devoted to analysing proteins engaged in the mechanism of multidrug resistance such as the N-glycosylated membrane protein glycoprotein P. Interestingly, glycosylation probably plays a significant role in the intracellular location and activity of modified proteins. Inhibitors of glycosylation have been demonstrated to alter the activity of glycoprotein P in various ways, depending on the cell line examined. These inhibitors markedly reduce multidrug resistance of cancer cells, thus promoting success of anti-neoplastic therapy. Here, we review the basic knowledge on N-glycosylation inhibitors, their effect on glycoprotein P and their therapeutic potential.
InTRoducTIon
Multidrug resistance (MDR) of cancer cells is one of the main reasons of failure of anti-neoplastic therapy. The phenomenon involves acquisition of resistance neoplastic cells to cytostatic drugs of various groups manifesting distinct chemical structure and mechanism of action by (Gillet & Gottesman, 2010) . Pharmacological agents can cause drug resistance usually when incorrectly dosaged. Another reason involves cellular factors which can change: (1) the rate of absorption of the drug or rate of its elimination from the cell (resistance via transport), (2) the level of activation/inactivation of pharmaceuticals (metabolic resistance), (3) the amount or affinity of enzymes representing target for cytostatic agents (target resistance), (4) the processes of DNA repair, (5) the ability of malignant cells to undergo apoptosis. So far, the best understood mechanism by which drugs are eliminated from the cell is associated with the activity of membrane proteins. The proteins which belong to the superfamily of ABC transporters are the most important ones in the development of resistance through transport (Sarkadi et al., 2006) . Glycoprotein P (P-gp) was the first identified ABC transporter whose hyperactivity of in malignant cells caused resistance (Juliano & Ling, 1976) . Today, it is one of the most intensively investigated protein related to the resistance (Ambudkar et al., 2003) . Recently, studies have been performed in order to increase the efficiency of cytostatic drugs by partial or total inhibition of the pumping activity of P-gp causing the resistance. A characteristic feature of MDR proteins is their location in the cell membrane. However, P-gp can also be found in the nuclear envelope (Molinari et al., 2002) . This may reflect the existence of additional mechanisms of resistance linked to the cell nucleus. Furthermore, it demonstrates the important role of the intra-cytoplasmic P-gp localization in the transport of drugs into cytoplasmic vesicles which contributes to their transport out of the cells.
Almost forty years of studies on glycoprotein P have resulted in thorough deciphering of its structure and function. The major findings on P-gp include the following: (1) it is a member of the ABC transporter family, (2) it is a transmembrane protein, with the N-terminus located on the cytoplasmic side of the cell membrane, (3) it consists of two homologous and symmetric transmembrane domains (TMD), encompassing six transmembrane helices and an ATP-binding motif, (4) it undergoes N-glycosylation on amino acids 91, 94 and 99 in the first extracellular loop (Molinari et al., 2002; Ambudkar et al., 2003) . This protein caries two substrate binding sites. The ATPase activity of P-gp is stimulated by drug binding but a high, basal activity is also observed when a substrate is absent (Sorokin et al., 1999) . P-gp demonstrates a high capacity and wide range of substrates, it can transport substrates of diverse chemical character, including antineoplastic drugs, some HIV protease inhibitors, cardiac glycosides, immunosuppressants, corticosteroids, antibiotics, anthracyclines (Marchetti et al., 2007) . It has been hypothesized that P-gp can function similar to a flippase -it moves the toxic compounds from the cytoplasm out of the cell where they can diffuse off in the extracellular space (Annese et al., 2006) . P-gp is present in many normal organs, such as kidneys, intestine, adrenal glands, liver, immune system cells, and at a high level in CD34+ haematopoietic stem cells. It is also present in membranes of cell organelles (e.g., lysosomes) and is necessary for their function (Chen et al., 2009) . P-gp can be found in endothelial cells of blood vessels in the brain where it is responsible for maintaining of the blood-brain barrier (Annese et al., 2006) . In healthy tissues this protein is responsible for transport of hormones such as aldosterone and glucocorticoids, and other endogenous molecules (Delou et al., 2009) . The overexpression of P-gp can be detected in malignant cells of different origin (kidney tumour, neoplasms of liver, pancreas, intestines, adrenal glands and breast, endothelial cells of newly established capillaries in tumour tissue) (Sorokin et al., 1999) .
GeneRAl PRIncIPles oF GlycosylATIon
Glycosylation is a post-translational modification usually associated with secretory and membrane proteins. The sugar residues can be bound covalently to the protein at asparagine residues (N-glycosilation) or at serine/ threonine (O-glycosilation) (Carver & Dennis, 1995) . P-gp undergoes of N-linked glycosylation. The first stage of N-glycosylation involves synthesis of a sugar core on ER membrane-anchored dolichol phosphate (Fig. 1) . Sugar monomers are added from the cytoplasmic side of ER. When a premature sugar core is formed consisting of two residues of N-acetyl-glucosamine and five of mannose, the entire glycan chain is translocated to the luminal side of ER (Ambudkar et al., 2003; Varki et al., 2009) . Then, an activated sugar core is formed by addition of four mannose residues and three glucose residues and is finally translocated to an asparagine residue of the target protein. The process of modification is finished when dolichol pyrophosphate is hydrolyzed to dolichol phosphate and becomes ready to accept new sugar monomers (Schwarz & Aebi, 2011) .
The terminal glucoses and mannoses in combination with lectin receptors maintain correct folding of nascent polypeptide and contribute in the elimination of misfolded proteins (Schwarz & Aebi, 2011) . The protein with the sugar core attached is translocated to the Golgi apparatus where terminal glycosylation occurs. The mature protein is finally directed to its final destination (Varki et al., 2009) (Fig. 2) .
As mentioned above, glycosylation of P-gp proceeds according to the scheme typical for all N-glycans. Human P-gp contains 10 consensus sequences for N-linked glycosylation (amino acid sequence: Asn-X-Thr/Ser, where X can be any amino acid except proline) but only three of them are glycosylated, all of them contained in the first extracellular loop of P-gp. P-gp is synthesized as a 140-150 kDa protein and is associated with chaperones (calnexin and Hsc70) in the ER lumen, which is determined by an obscure internal signal sequence near the N-terminal transmembrane domain. The transport signal which mediates the movement of P-gp from ER to Golgi remains unknown, but it can be associated with microtubules. Proteins undergoing the final stages of Nglycosylation move though Golgi apparatus from its cis to the trans side, which is also true for P-gp (Schinkel et al., 1992; Fu & Arias, 2012) .
It is hypothesized that the N-glycan chain can function as a sorting determinant and thus determine the localization of P-gp. This protein can be delivered to the membrane in vesicles traveling along elements of the cytoskeleton or by an intracellular endosomal system in which protein-containing vesicles are transported to endosomal compartments that support further transport of the protein to the membrane (Fu & Arias, 2012) . The N-glycan chains can also contribute to the transloca- tion of glycosylated protein to the nucleus. Such a protein might be transferred to the nucleus through nuclear pores by conventional nuclear transport pathways (Varki et al., 2009) (Fig. 2) , which is supported by detection of glycoprotein P in the nuclear envelope (Molinari et al., 2002) . It would be very interesting to check whether the P-gp from the nuclear envelope differs from its cytoplasmatic counterpart in respect to the composition of the glycan attached.
InHIbIToRs oF N-lInKed GlycosylATIon
It has been demonstrated that the type of sugar core attached probably determines the intracellular target of the modified protein as well as enhances its folding and stability during transport (Busc et al., 1995; Walsh et al., 1998; Zhou et al., 2005; Straummann et al., 2006; Varki et al., 2009 , Draheim et al., 2010 Nakajima et al., 2010) . The glycosylated protein can be translocated to a wide spectrum of cellular compartments such as Golgi apparatus, mitochondria and nucleus. P-gp undergoes Nlinked glycosylation with various combination of sugar core which probably determines the protein function and its destination. Experiments with cDNA encoding N-glycosylation-deficient P-gp showed that P-gp without the glycan is stuck in subcellular compartments (Draheim et al., 2010) . Kramer et al. (1995) showed that tunicamycin (one of the best known inhibitors of glycosylation) suppressed P-gp activity with subsequent accumulation of cytostatic drugs in the cells. This finding was a proof that inhibitors of glycosylation are able to eliminate the MDR phenotype caused by P-gp. Furthermore, only fully N-glycosylated ABC transporters were active in sandwich-cultured rat hepatocytes (Draheim et al., 2010) . Point mutations or expression in the presence of proteasome inhibitor prevented P-gp from folding into the mature protein. Human P-gp does not form functional transporter immediately after synthesis but it requires additional folding to be active (Loo & Clarke, 1999) . It is another evidence that the presence of the glycan chain is essential for P-gp activity. However, in some studies no direct effect of the glycan residue was demonstrated on the transport activity of P-gp (Šereš et al., 2011) . Schinkel and coworkers (1993) showed also that N-glycosylation could influence P-gp maturation and stability but not drug transport. They mutated one, two or all three glycosylation sites present in human P-gp and showed that the absence of N-glycosylation did not impact the level of drug resistance of cells and the N-glycosylation was not necessary for P-gp function, although its absence significantly reduced the ability to form drug-resistant clones. Another group showed that the inhibition of P-gp N-glycosylation did not change its localization in the cell membrane and its transport activity. On the other hand, the inhibition of glycosylation caused higher ubiquitination and degradation of P-gp (Kramer et al., 1993a; Šereš et al., 2011) . These data remain to be clarified. Schinkel and coworkers (1993) claims that N-glycosylation may stabilize correct folding of P-gp, ensure its correct subsellular localization and protect from degradation by luminal proteases. Altogether, these data indicate that the glycan chain does not affect the P-gp is synthesized in ER and is associated with chaperones (calnexin and Hsc70) during folding. The cis-Golgi receives P-gp from ER, in the trans-Golgi the glycoprotein matures. The protein can be delivered to the membrane in vesicles which move on the cytoskeleton or by an intracellular endosomal system, and then the protein can be transport to the membrane and other cell organelles. P-gp can also be transferred to the nucleus.
function of P-gp but rather helps direct the protein to its correct intracellular destination, which is important for its pumping activity.
Studies on the role of the P-gp-attached sugar residues concern also inhibitors of glycosylation which block its particular stages (Elbein, 1991; Jacob, 1995) . Most of the studies were performed using only one inhibitor of N-glycosylation, tunicamycin. However, a number of various inhibitors exist categorized by their mechanism of action and target. They may block N-glycosylation through: (1) interference with the turnover of the process precursors, (2) inhibition of glycosylases, (4) inhibition of transport of modified proteins between cellular compartments engaged in N-glycosylation, i.e. endoplasmic reticulum, Golgi apparatus, and (5) functioning as substrate analogues (Dennis et al., 1997; Varki et al., 2009) . Below, we review so far known inhibitors of Nglycosylation.
Metabolic inhibitors
They affect the turnover of glycosylation precursors, mainly at the stage of their formation. A fairly well recognized glutamine analogue is 6-diazo-5-oxo-L-norleucine (DON) which blocks glutamine:fructose-6-phosphate aminotransferase, an enzyme engaged in the synthesis of glucosamine from glutamine and fructose. Such a block results in a decreased production of glucosamine, a basic precursor of the main glycan component (Datta & Dasgupta, 1994; Brasse-Lagnel et al., 2003; Varki et al., 2009) . It has been shown that DON inhibits viral RNA synthesis (Datta & Dasgupta, 1994) . DON has variable effects on different types of tumour cells, but in most cases it results in disruption of mitochondrial internal membrane structures, autophagocytosis of secretory granules, swelling of the endoplasmic reticulum, induces apoptosis, somatic crossing over and point mutations (Wu et al., 1999) .
Brefeldin A (BFA) is another example of a glycosylation inhibitor: it is a macrocyclic lactone synthesized from palmitate by various fungi. As compared to the earlier example, BFA acts at a later stage of glycosylation, inducing an inverse transport of components in the Golgi apparatus, it inhibits the early transport of proteins from the endoplasmic reticulum to the Golgi apparatus (Klausner et al., 1992) . BFA leads to a damage of the physical separation of ER and Golgi compartments by allowing membrane fusion to occur in the absence of the earlier vesicle formation. BFA also disrupts organization of the microtubule and actin cytoskeletons (Nebenfuhr et al., 2002) .
sugar analogues
Their mechanism of glycosylation inhibition involves mainly blocking of enzymes, glycosyltransferases, which transfer saccharides from an active donor to a specific acceptor group. As a consequence, the sugar is not transferred to the nascent glycoprotein and further branching of the sugar core is not possible. An example of such inhibitors (which is also an inhibitor of glycolysis) is 2-deoxyglucose (2-DG), the presence of which in a cell leads to the formation of dolichol-P-2-deoxyglucose which cannot be further extended, so the attachment of consecutive sugars and their transfer to the protein is impossible (Dwarakanath, 2009; Gaddameedhi & Chatterjee, 2009; Andresen et al., 2012) . 2-DG has an impact on gene expression, phosphorylation of proteins involved in signalling pathways, it blocks the cell cycle progression, DNA repair and finally leads to apoptosis. Studies in vitro have shown that this compound stops cancer cell proliferation and leads to their apoptosis and such a cytotoxic effect is stronger in hypoxia and upon a knockdown of HIF-1 (hypoxia-inducible transcription factor vital to cancer development). Recently, it was observed that 2-DG leads to apoptosis independently of Bcl-2 and its cytotoxic effect does not correlate with p53 status in many malignant cells (Dwarakanath, 2009 ).
Glycoside primers
Glycoside primers represent a group of compounds which block synthesis of glycosaminoglycans on growing proteoglycans. They redirect the process of glycoprotein assembly: instead of the endogenous glycoprotein core, subsequent sugar moieties elongate the chain formed by exogenous "primers", which results in premature inhibition of glycan synthesis. The best known compound of this class, discovered around 40 years ago, is β-dxyloside (Lugemwa et al., 1996) . This molecule shows higher ability to penetrate the cell membrane than other inhibitors (Varki et al., 2009 ). Many publications have demonstrated its power as an anti-thrombin, anti-platelet and anti-thrombotic factor (Toomey et al., 2006) . However, β-d-xyloside inhibits also proliferation of different cell types because it arrests cells in the G1 phase of the cell cycle, although the effect is rapidly reversed (PotterPerigo et al., 1991) .
Plant alkaloids
Plant alkaloids are natural inhibitors of glycosidases which block elongation of sugar chains. The inhibition occurs only at a specific stage of glycosylation, following formation of a 14 monomer-long chain (Glc 3 Man-9 GlcNAc 2 ) and thus plant alkaloids block formation of mature glycoprotein. Castanospermine, isolated from the Australian chestnut tree Castanosperum australe, inhibits α-glycosidase I and II (Marchal et al., 1999; Varki et al., 2009) . Two other equally well known inhibitors of this class, australine and deoxynojirimycin, block only one of these enzymes (Varki et al., 2009; Zhao et al., 2010) . Castanospermine induces accumulation of fully glycosylated chains which are designated to bind the protein under modification. Castanospermine and deoxynojirimycin also inhibit angiogenesis in vitro (Zhao et al., 2010) . Cells treated with castanospermine carry a lower number of receptors which contain glycan, e.g., LDL receptors and insulin receptor on lymphocytes. Castanospermine was also shown to inhibit viral replication and maturation of HIV. Deoxynojirimycin blocks IgG secretion. Australine is a plant alkaloid which probably interferes with formation of specific N-linked glycoprotein but these data have still to be confirmed (Elbein, 1991) .
Swainsonine is another very interesting compound which blocks α-mannosidase II and lysosomal α-mannosidase. This alkaloid protects some plants against insects and herbivorous animals. It has a neurotoxic effect ("syndrome loco") and the intoxication with it results in accumulation of glycoproteins in lymph nodes (Carver et al., 1995; Varki et al., 2009) . Swainsonine probably does not affect the function of the N-glycosylated proteins. However, it blocks the metastasis of murine melanoma cells by enhancing natural killer cell proliferation or their anti-tumour activity (Elbein, 1991) . The drug also induces T-cell activation (Jacob, 1995) .
Antibiotics
Tunicamycin (TM) is the best known and the most frequently applied inhibitor of N-glycosylation. It was isolated for the first time from Streptomyces lysosuperificus in 1973, while the name reflects its antiviral activity, i.e., inhibition of viral coat ("tunica") synthesis. It is a nucleoside antibiotic whose mechanism of action involves blocking of the enzyme responsible for the transfer of 1-phospho-N-acetylglucosamine from UDP-N-acetylglucosamine to dolichol phosphate, i.e., the first glycosylation stage. The cytotoxic effect of tunicamycin on cells induces apoptosis also in neoplastic cells (Carver & Dennis, 1995; Lugemwa et al., 1996; Marchal et al., 1999; Molinari et al., 2002; Delom et al., 2007; Gaddaneedhi & Chatterjee, 2009; Varki et al., 2009; Zhao et al., 2010; de Freitas et al., 2011) . In melanoma cells, TM leads to apoptosis after 24-48 h from its induction. The mechanism of TM action is not fully known but it involves simultaneous increasing the level of Ca 2+ and decreasing the effect of insulin-like growth factor I (IGF-I) because of a down-regulation of IGF-I receptor on the cell surface (Dricu et al., 1997) . Hiss and coworkers (2007) showed that tunicamycin enhanced toxicity of antineoplastic drugs in multidrug-resistant human ovarian cystadenocarcinoma cells. It significantly reduced IC 50 for doxorubicin and vincristine. This sheds a new light on cancer treatment and gives hope for increasing its effectiveness. Tunicamycin decreased IC 50 also for cisplatin in human head-and-neck carcinoma cells. In vitro studies on TM and cisplatin showed that it effectively blocked local tumour growth in a cisplatin-resistant mouse model (Noda et al., 1999) .
Bacitracin is an antibiotic blocking dolichol pyrophosphate hydrolysis to dolichol phosphate which, as a consequence, disables glycoprotein synthesis at its first stage (Molinari et al., 2002) . Bacitracin induces disruption of ER function and causes higher ER stress-mediated apoptosis in melanoma cells characterized by the up-regulation of ER chaperones leading to damage repair (Lovat et al., 2008) .
suMMARy
Inhibitors of glycosylation have been subjected to numerous tests for many years and they draw a growing attention of scientists. They have been proven to find a very broad application as potential therapeutic tools. The cancer patients manifest a higher intensity of glycosylation and some proteins are charged with glycan cores branched more extensively than in healthy individuals (Dricu et al., 1997; Liu et al., 2001) . Therefore, blocking glycosylation may be crucial in the treatment of cancer. It is worth remembering that the mentioned inhibitors also exert positive effects in treatment of diabetes mellitus, AIDS, and may also induce male infertility (Molinari et al., 2002) . But, a lot of attention is given to them in the context of their application to increase efficacy of chemotherapy (Walsh et al., 1998; Zhou et al., 2005) . Currently, one of the major problems of effective chemotherapy is multidrug resistance of cancer cells. Proteins of key importance for multidrug resistance, glycoprotein P, MRP1 and MRP2, undergo glycosylation. This type of post-translational modification is likely to be crucial for the cellular localization of glycoprotein P, discussed in this manuscript. As for the participation of N-linked glycosylation in the activity of P-gp, scientists express contradictory opinions. It is quite probable that the distinct effects of tunicamycin and other inhibitors on the transporting activity of glycoprotein P reflects the type of cell line used in particular studies (Loo & Clarke, 1998; Ledoux et al., 2003; Zhang et al., 2004; Hiss et al., 2007; Šereš et al., 2011) . Therefore, in order to verify this information, it would be worthwhile to perform a series of studies using various inhibitors of glycosylation and different cell lines. Thus, it would be possible to verify the opinion that the glycan residues are important for the activity and cellular localization of P-gp. There is no doubt that inhibitors of glycosylation may be a promising therapeutic approach. Examples described here show that inhibitors of N-glycosylation enhance the cytotoxic effect of drugs on cells showing a multidrug resistance while in normal cells they induce apoptosis. However, most of these studies have not examined the effect of inhibitors in the context of MDR proteins, including glycoprotein P, but the data may be very important in the treatment of cancer (Molinari et al., 2002) . In our opinion, glycosylation of P-gp may have a significant effect on its transport activity.
The available literature data show that inhibitors of N-linked glycosylation may be a potential tool for analysis of the mechanism of action and cellular location of P-gp. The question requires broader investigations. If the hypothesis that inhibition of P-gp N-glycosylation leads to more effective chemotherapy is confirmed, this approach may bring a revolution in anti-neoplastic therapy (Bebtley et al., 1997; Noda et al., 1999; Gribar et al., 2000; Ohtsubo & Marth, 2006; Contessa et al., 2010; Grosso et al., 2011) .
